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Lotz, David A. M.S., May 2016. Energy Dashboard for Real-time Evaluation of a Heat 
Pump Assisted Solar Thermal System. Major Professor: William J. Hutzel 
 
The emergence of net-zero energy buildings, buildings that generate at least as 
much energy as they consume, has lead to greater use of renewable energy sources such 
as solar thermal energy. One example is a heat pump assisted solar thermal system, which 
uses solar thermal collectors with an electrical heat pump backup to supply space heating 
and domestic hot water. The complexity of such a system can be somewhat problematic 
for monitoring and maintaining a high level of performance. Therefore, an energy 
dashboard was developed to provide comprehensive and user friendly performance 
metrics for a solar heat pump system. Once developed, the energy dashboard was tested 
over a two-week period in order to determine the functionality of the dashboard program 
as well as the performance of the heating system itself. The results showed the 
importance of a user friendly display and how each metric could be used to better 
maintain and evaluate an energy system. In particular, Energy Factor (EF), which is the 
ratio of output energy (collected energy) to input energy (consumed energy), was a key 
metric for summarizing the performance of the heating system. Furthermore, the average 
EF of the solar heat pump system was 2.29, indicating an efficiency significantly higher 
than traditional electrical heating systems.   
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CHAPTER 1.  INTRODUCTION 
Chapter one provides an overview of the problems and questions addressed by 
research to develop a real time energy dashboard for a heat pump assisted solar thermal 
system. Next, the scope and significance of the research is explained including how and 
to what extent the energy dashboard can solve some of those problems. Finally, the 
assumptions, limitations, and delimitations associated with the dashboard study are 
provided. 
 
1.1 Problem Statement 
 Solar heating systems have been around since the late 1800s. In fact, the “Climax” 
solar water heater invented by Clarence M. Kemp in 1891 was the first commercial solar 
water heater (Madrigal, 2011, pg.85). Since then, the need for more complex systems and 
better technology has risen due to many factors such as lower electricity prices and higher 
installation costs. Since then, solar technologies have risen in popularity due in part, to 
the emergence of net-zero energy buildings (NZEBs), or buildings that annually produce 
as much energy as they consume. Of course, a key part of a NZEB is determining how 
much energy is produced or consumed. Therefore, as the demand for NZEBs increases it 
will become even more important to be able to measure the extent to which a building is 
meeting its design expectation in terms of energy performance.  
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Furthermore, NZEBs rely on two things. First, the building or system must be 
energy efficient in order to minimize the energy consumption. And second, energy from a 
renewable source must offset the energy consumption. One example of this is solar 
heating, where the amount of energy collected from the sun is equal or greater to the 
amount of electrical energy consumed by the system.  
However, a building also has various functional constraints. For example, it is 
unrealistic to reduce energy consumption by simply eliminating heating. Similarly, it is 
not feasible to only provide heat when solar energy is available. In fact, days with very 
little sunlight are often the days with the highest heat demand. For that reason, a building 
with solar heating must also have additional methods of heating. A heat pump is a great 
example of an additional method of heating because it is highly efficient yet still runs on 
electricity. Of course, adding multiple energy types such as thermal and electrical energy 
or adding multiple methods of energy generation can make evaluating the system very 
complex.  
Therefore, a system that can evaluate the energy performance of a heating system 
in real-time is necessary. A simplified summary of the system’s energy consumption, 
collection, and efficiency would allow the system to be quickly evaluated and monitored 
for problems, which would lead to overall efficiency improvements of the heating system 
and the building. In particular, one of the key efficiency metrics associated with energy 




1.2 Research Questions 
What are the key metrics that should be included in an energy dashboard in order 
to provide a clear and comprehensive summary of a residential solar heat pump system? 
Will the solar heat pump system in the Applied Energy Lab be able to achieve an 
average Energy Factor of 2.0 or greater? 
 
1.3 Scope 
The goal of this research was to develop an energy dashboard that could be used to 
monitor the performance of a heat pump assisted solar heating system. The purpose of 
such an energy dashboard is to provide a simplified summary of the heating system 
including collected energy, consumed energy, and efficiency metrics. To accomplish this, 
the energy dashboard measured temperatures (°F), flow rates (gpm), and electrical power 
consumption (kW) in real time. Using the collected data, the dashboard calculated real 
time output metrics (Energy Factors, consumption (kWh), collection (kWh), etc.) and 
displayed them as a simplified yet comprehensive summary of the heating system’s 
performance.  The summarized performance values of the heating system are important 
because they are a key part of the evaluation of the overall performance of the system.    
 
1.4 Significance 
 According to the U.S. Energy Information Administration, 90.2% of the total 
domestic energy consumption in 2014 came from non-renewable energy resources. There 
are two major problems with the world’s reliance on these dwindling energy sources. The 
first problem is simply that the supply will eventually run out. There will come a time 
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when these sources are either unobtainable or all together unavailable. The second 
problem is that many of these energy sources can have negative effects on the 
environment.  
 One possible solution to these energy problems is the greater adoption of renewable 
energy sources such as solar, wind, or liquid biofuels. A very important initiative to 
achieve this goal in the United States has taken the form of NZEBs. A key part of any 
building, and a large energy consumer, is heating. Solar thermal collectors and high 
efficiency heat pumps are two very important technologies that can help decrease heating 
energy consumption and ultimately achieving net zero energy.  
 A key to the success of the net-zero initiative is determining whether a system 
actually produces as much energy as it consumes in one year. By developing a real-time 
method for measuring energy use and collection of a heat pump assisted solar thermal 
system, the energy dashboard can help to improve the evaluation of net-zero energy 
buildings. Furthermore, the energy dashboard created to evaluate the heating system will 
also serve as a basis for creating energy dashboards for other systems such as solar 
photovoltaic (PV) or geothermal systems.  
 
1.5 Assumptions 
The following assumptions were made for this research: 
• The weather in West Lafayette, IN will follow historical patterns 





The following limitations were inherent to this research: 
• Data was collected for only part of a year 
• Since the equipment is a research prototype, the cost of the equipment will not 
be evaluated, therefore, an economic analysis will not be conducted 
 
1.7 Delimitations 
The following delimitations are inherent to this research: 
• The main focus will be the performance metrics of the energy dashboard not 
the design of the heating system or the graphical interface of the dashboard 
 
1.8 Chapter Summary 
Chapter one provided an introduction to this research including the reasons and 
benefits of developing an energy dashboard for a heat pump assisted solar heating system. 
The next chapter will present other research projects that were important for developing 
and shaping this research.  
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CHAPTER 2.  REVIEW OF LITERATURE 
Chapter two provides a brief overview of the solar heat pump system in the 
Applied Energy Lab at Purdue University. Literature relevant to net-zero energy 
buildings, heat pumps, solar thermal systems, and energy dashboards is also covered. 
Finally, common efficiency metrics are introduced and explained.  
 
2.1 Applied Energy Lab Overview 
 The purpose of the Applied Energy Lab (AEL) at Purdue University is to provide a 
working example of a residential or small commercial sized HVAC system for education 
and research. As such, the AEL system is outfitted with sensors and devices (e.g., pumps, 
meters, fans, valves, switches, etc.) for monitoring and controlling the HVAC system in 
excess of what would normally be required.  All the systems are operated and controlled 
by a modern web-based building automation system (BAS) that will provide the platform 
for the energy dashboard.  
Figure 2.1 shows the main components of a newly constructed and state-of-the-art 
solar heat pump system (SHPS) located in the AEL.  The system includes the solar 
thermal collectors, primary and secondary circulating pumps, a heat exchanger for 
generating domestic hot water and preventing glycol overheating, and a heat pump with a 
storage tank. A more detailed diagram of the system can be seen in Appendix B.
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Figure 2.1 AEL Solar Heat Pump System 
 
 The primary loop of the SHPS consists of the primary pump, solar collectors, heat 
exchanger, and heat pump. The primary valve shown in Figure 2.1 controls the the flow 
of the glycol solution (1:1 glycol and water) through the primary loop. When solar energy 
is available the primary pump circulates glycol through the solar collectors where it 
absorbs the solar energy in the form of heat. Whenever there is not enough heat to raise 
the glycol above 90°F the preheat valve is opened and the glycol is recirculated through 
the panels until it reaches 90°F. Once the glycol reaches 90°F the heat exchanger 
transfers some of the absorbed heat to the domestic water. Any remaining heat is then 
transferred to the heat pump storage tank. The heat pump then supplements the solar heat 
in order to maintain an internal storage tank temperature of 120°F.  
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 The secondary loop of the SHPS consists of the heat pump, secondary pump, and 
heat loads. The secondary pump circulates the heated glycol through multiple radiators in 
the AEL where the heat is dissipated to the room air. The secondary valve controls the 
glycol flow through the secondary loop. The primary and secondary valves operate in 
conjunction to allow flow through one or both of the loops.    
 Figure 2.2 shows the solar thermal collector array located on the roof of Knoy Hall 
of Technology including one evacuated heat tubes panel (left) and four flat-plate solar 
thermal panels (right). Various panel designs were used, however, each one operates the 
same basic way. As sunlight hits the surface of the panels, the glycol solution is pumped 
through the panels where it is heated by the solar energy. The heated glycol then 
circulates down to the AEL where the heat is transferred to either the heat pump storage 
tank or directly to the domestic water.  
 
Figure 2.2 AEL Solar Thermal Collectors 
 
 Figure 2.3 shows the commercial heat pump with integrated 50-gallon storage tank 
used in the SHPS. The heat pump has two methods of heating: compressor and resistive 
element. The compressor transfers heat from the room air into the storage tank. The 
resistive element heats the glycol in the storage tank by directly converting electrical 
energy into heat.  
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Figure 2.3 AEL Heat Pump and Hot Water Storage Tank 
 
 The SHPS is controlled and monitored with a web-based building automation 
system (BAS) from Automated Logic Corporation called WebCTRL. The BAS consists 
of a network of various sensors and devices. Each sensor or device is connected to the 
BAS via several control modules, which are networked together. Furthermore, the BAS is 
server based and is connected to the internet with a specific WebCTRL website.   
 Figure 2.4 is a sample screen shot of the AEL WebCTRL website, which allows 
users to send commands to the devices and receive data from the sensors. As the figure 
shows, the system can be monitored graphically with real-time values included from each 
sensor. Although not shown, the WebCTRL interface has the ability to create trends of 
sensor values, show the program logic, and much more.  
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Figure 2.4 AEL WebCTRL Screenshot 
 
 The design and construction of the SHPS was the focus of prior research. Degrove 
(2015) focused on the performance of the hydronic heating system’s two heat sources: 
solar thermal collectors and a commercial heat pump. During a 17-day winter test he 
found that 35% of the energy was supplied by the solar thermal collectors leaving the 
heat pump to provide the remaining 65%. Krockenberger (2015), on the other hand, 
focused on the primary and secondary pumps in the system and proved that the pumps 
operated normally under various modes of operation. In both cases the AEL heat pump 
assisted solar thermal system performed with an efficiency factor of 1.95 (Degrove, 2015; 
Krockenberger, 2015). 
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2.2 Net-zero Energy Buildings 
A net-zero energy building (NZEB) is simply a very efficient building that 
annually produces as much energy as it consumes (Anderson, Markel, Simpson, Leahey, 
Rockenbaugh, Lisell, Burman, & Singer, 2011). Generally speaking, this is accomplished 
on two fronts. The first is to make the building, compound, site, lab, etc. as efficient as 
possible. Once that is done, renewable energies are introduced in order to cover the 
remaining energy consumption. Multiple projects have successfully reached net-zero 
energy with this approach. 
Drury Crawley of the U. S. Department of Energy (DOE), with the help of Shanti 
Pless, Paul Torcellini, and the National Renewable Energy Laboratory (NREL), 
published an article discussing the DOE’s plans for developing NZEBs as well as the 
purpose of the Zero Energy Building database. Specifically, the data available at the time 
clearly indicated that NZEBs “can be constructed cost effectively, providing productive 
environments for occupants, reducing operating costs, and enhancing the competitiveness 
of commercial properties” (Crawley et al., 2009, p. 2).  
The article went on to explain that there are many definitions or categories for the 
term net-zero building that should be considered (Crawley et al. 2009). Torcellini, Pless, 
Deru, and Crawley (2006a) classified NZEBs as “net zero site energy, net zero source 
energy, net zero energy costs, and net zero energy emissions” (as cited in Crawley et al., 
2009, p. 3). Each classification takes a different perspective of the net-zero energy goal, 
however, all of them have one thing in common: “tackle demand first, then supply” 
(Crawley et al., 2009, p. 3). In other words, no matter what type of NZEB is targeted, the 
building must first be made efficient before the energy supply can be considered.  
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Once the building efficiency is maximized renewable energies can be introduced 
to offset the remaining loads. Consideration for maximizing the efficiency of the energy 
supply should also be made. In short, this means giving higher value to onsite energy 
generation in order to minimize transmission losses as well as reducing negative 
environmental impacts (Crawley et al., 2009). 
Finally, the article finishes with a discussion of the future of NZEBs that is 
particularly relevant to this current study. Crawley et al. (2009) explains that “ongoing 
measurement and verification are essential in realizing the full benefits of a net zero 
energy design” (p. 7). One way of accomplishing this is sub-metering, which would 
include energy dashboards. Of course, net-zero energy can become very complex when 
dealing with a fully equipped building. Multiple sources of energy may be involved not 
to mention different energy types such as electricity or heat. Furthermore, net-zero status 
is determined on a long-term basis, meaning that a true evaluation of a NZEB must be 
performed over an entire year. Moreover, the net-zero performance of a building may 
change from year to year because energy consumption is very dependent on weather, 
amongst other variables; making it all the more important to have a proven method of 
energy monitoring (Crawley et al., 2009). 
Much of the article by Crawley et al. (2009) was based on a technical report that 
discussed six high-performance buildings that did not quite reach net-zero energy 
(Torcellini, Pless, Deru, Griffith, Long, & Judkoff, 2006b). The study concluded that 
“continual monitoring of energy performance, or continuous commissioning with key 
energy-saving performance metrics, is important to ensure that the goals of the design are 
met under normal operating conditions” (Torcellini et al., 2006b, p. 25). Adam Joseph 
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Lewis Center for Environmental Studies at Oberlin College, which was one of the six 
buildings included in the study, is a great example of how monitoring can improve 
building efficiency. Specifically, the building controls and equipment were intelligently 
changed based on the information provided by the monitoring system, which directly 
resulted in a 37% reduction of energy use in the building (Torcellini et al., 2006b, p. 26). 
The U. S. Department of Defense (DoD) partnered with NREL in 2011 to 
evaluate the potential for the Fort Carson military base to achieve net-zero energy 
(Anderson et al., 2011). The three main areas of focus for the evaluation were efficiency, 
renewable energy, and electric vehicles integration. The study began with a determination 
of the current (pre-renovation) energy demand of the base, which was important because 
it provided a metric to measure the success of any changes. The second step of the study 
was to determine areas of consumption that could be reduced or eliminated by improving 
efficiency. The next step was to determine what types of renewable energy were suitable 
for use at Fort Carson (Anderson et al., 2011). 
One of the most interesting findings from the study at Fort Carson was that solar 
thermal was one of the most cost-effective sources of water heating (Anderson et al., 
2011, pg.6).  
 
2.3 Solar Thermal and Heat Pump Heating Systems 
According to the U.S Energy Information Administration (EIA) space heating and 
water heating accounted for approximately 60% of the total residential energy 
consumption in 2009 (EIA, 2013). Therefore, in the case of NZEBs it is very important 
to maximize the heating system’s efficiency and to offset as much of the energy 
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consumption with renewable energies. Specifically, heat pumps can be used to improve 
the efficiency of a heating system, while solar thermal collectors can be used to introduce 
renewable energy from the sun.  The two heating technologies do not compete because 
some of most efficient heating systems constructed so far combine a heat pump with a 
solar thermal system.   The solar system provides much of the heating energy when the 
sun is shining and the heat pump provides supplemental heat when it is needed. 
 Bedescu (2001) examined building heating at Polytechnic University of Bucharest. 
Specifically, he looked at a heating system that used solar thermal collectors to improve 
the performance and efficiency of a heat pump. During the winter the air temperature 
from the solar thermal collectors was higher than the ambient outside air temperature but 
to low for direct heating. However, by utilizing the semi-warm air from the collectors 
rather than the cold outdoor air, Bedescu was able to boost the efficiency and output of 
the heat pump. The heat pump was able to achieve monthly COP ratings between 1.57 
and 2.41 between October and March with both solar thermal and solar photovoltaic 
assistance (pg.725). 
Tyagi, Kaushik, and Tyagi (2012) compared the efficiencies of solar thermal 
systems to hybrid solar thermal and PV systems (PVT). They explained that hybrid solar 
panels have a “higher efficiency and stability of performance” than the sum of the 
equivalent stand-alone thermal and PV panels (p. 1384).  
 Bai, Chow, Ménézo, and Dupeyrat (2012) analyzed a solar assisted heat pump 
system that would provide heating for a hypothetical, sports facility. The system, which 
consisted of a heat pump and PVT panels, was simulated using the TRNSYS computer 
program. Furthermore, weather data was integrated with the simulation allowing the 
 15 
system to be evaluated for multiple climates including Hong Kong, Paris, Lyon, and Nice. 
The results of the simulations varied by location, however, in each of the four simulated 
locations the COP of the system was greater than 4.0 (Bai et al., 2012). 
 Research was also done on an integrated heat pump and PVT system for drying 
saffron (Mortezapour, Ghobadian, Minaei, & Khoshtaghaza, 2012). The study concluded 
that using the combined solar and heat pump system reduced energy consumption 
significantly. Specifically, the dryer was able to achieve a maximum efficiency of 72%. 
Furthermore, “the solar fraction factor varied between 0.24 and 0.67” (Mortezapour et al., 
2012, pg.565). 
 Figure 2.5 shows the heating system used by the National Institute of Standards 
Technology in their Net Zero Energy Residential Test Facility (NZERTF). As the figure 
shows, the NZERTF used a heat pump with a COP of 2.6. The heat pump also included 
an electrical backup heater with an efficiency of 98%. Additionally, solar thermal panels 
were used to preheat the water before the heat pump. An 80-gallon storage tank was used 
to store the heated water (Kneifel, O'Rear, & National Institute of Standards Technology, 
2015, pg.9).  
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Figure 2.5 NZERTF Solar and Heat Pump Thermal System Schematic. From “Net-zero 
and beyond! Design and performance of NIST’s net-zero energy residential test facility,” 
by A. H. Fanney, V. Payne, T. Ullah, L. Ng, M. Boyd, F. Omar, M. Davis, H. Skye, B. 
Dougherty, B. Polidoro, W. Healy, J. Kneifel, and B. Pettit, 2015, Energy and Buildings, 
Volume 101, pg. 99. Copyright 2015 by Elsevier 
 
 Multiple simulations were performed for the NZERTF that indicated significant 
energy savings for both the heat pump and solar thermal systems. Specifically, straight 
electrical heating for domestic hot water resulted in an annual consumption of 3457 kWh. 
Adding the heat pump reduced that value to 1623 kWh. Using the solar thermal panels 
for preheating reduced the value all the way to 613 kWh (Kneifel, et al., 2015, pg.19). As 
the results indicate, the combination of solar thermal and heat pump systems were used to 
greatly reduce the electrical energy consumption for domestic water heating.  
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 Furthermore, the annual Energy Factor (EF) of the system was 2.39. The average 
EF for March 2014 was very similar at 2.38. What this suggests is that the performance 
of such as system in March is very close to the average annual performance (Fanney, et 
al., 2015, pg. 105). 
 
2.4 Energy Dashboards 
As previously mentioned in Chapter one on page 1, a net-zero energy building 
(NZEB) is a building that is not only super efficient but also one that can produce or 
collect as much renewable energy as it consumes in a year. Therefore, one of the major 
challenges or aspects of building a NZEB is determining the amount of energy produced 
or collected as compared to the amount consumed. Previous projects have manually 
calculated the energy balances or used estimated values. Some projects, however, have 
used energy dashboards to quickly monitor and summarize a building’s performance.  
Granderson, Piette, Ghatikar, and Price (2009) used the term Energy Information 
System (EIS) to describe a network of devices and software that displays a building’s 
energy information. Marini, Ghatikar, and Diamond (2011) take this one step further and 
introduce the concept of a dashboard, which they define as “a display and visualization 
tool that utilizes the EIS data and technology to provide critical information to users” (p. 
4). Some of the main uses of such a system include “benchmarking, base-lining, anomaly 
detection, off-hours energy use evaluation, load shape optimization, energy rate analysis, 
retrofit and retro-commissioning savings” (Granderson et al., 2009, p. 4). Similarly, Few 
(2007) defines a dashboard as “a visual display of the most important information needed 
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to achieve one or more objectives; consolidated and arranged on a single screen so the 
information can be monitored at a glance.”  
The study conducted by Marini, Ghatikar, and Diamond (2011) focused on two 
aspects of utilizing an energy dashboard. The first goal of the study was to determine 
potential improvements to energy consumption in federal buildings. What they found 
was that in order to improve energy consumption the behavior of the building’s 
occupants had to change. The conclusion was that an energy dashboard that provides 
real-time feedback to the occupants would be a critical part in encouraging better energy 
consumption habits (Marini, Ghatikar, & Diamond 2011). 
The second goal was to specify user groups and distinguish what information is 
necessary and relevant for each group. Users were grouped into the following five 
categories: public, occupants, agency administrators or building operators, building 
managers/facility personnel, and researchers. Each group was given access to different 
levels of information meaning that the energy dashboard had to be customized for each 
group. For example, the public could view the general performance of a building to see 
how efficient it is. On the other hand, a building operator may benefit from a more 
detailed look into the building’s consumption habits. In short, “the information has to be 
designed for the needs of the specific user” (Marini, Ghatikar, & Diamond 2011, p. 13). 
Alternatively, Shadpour and Kilcoyne (2015) chose to categorize dashboards into 
four levels. Level 0 dashboards use static data. The authors describe these dashboards as 
“interactive reports”. Level 1 dashboards add real-time data to the mix so that the 
reported data is continuously being updated. Level 2 dashboards a characterized by three 
additional features. The first is the implementation of analysis software that can 
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automatically produce performance statistics such as energy efficiency. Analytics such as 
this will be a key part of this research going forward. The second and third features 
introduced at Level 2 are web connectivity and integrated control. In short this means 
that the dashboards are accessible over a network and include the ability to control the 
system from the dashboard itself. Finally, Level 3 dashboards go one step further by 
optimizing the system using large amounts of historical data.  
In the report by Torcellini et al. (2006b) discussed previously, data acquisition 
was also a very important part of the evaluation of the six buildings. Four of the buildings 
in the study used data loggers to monitor the performance of each of the respective 
buildings. Various types of equipment and data acquisition systems (DAS) were used, 
however, none were without problems. In particular, it was seen that integrating the DAS 
with the building automation system (BAS) caused problems with data accuracy and 
reliability. The buildings that employed a standalone DAS were more successful 
(Torcellini et al., 2006b). 
Another major problem with data collection from all the buildings was data 
processing. Specifically, improper formatting and processing of large amounts of data 
caused problems. (Torcellini et al., 2006b). 
Agarwal et al. (2009) conducted a campus-wide and building specific study of 
energy consumption at the University of California, San Diego using an energy 
dashboard. The entire campus is controlled and monitored with a central energy 
management system including multiple building HVAC systems and multiple energy 
sources. Specifically, many of the buildings are monitored for electric and thermal 
demand. At the conclusion of the study, Agarwal et al. were able to use the energy 
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dashboard to display “initial energy consumption data,” “aggregate data across various 
buildings,” “data spanning a year to highlight the effect of seasonal changes,” detailed 
weekly plots, and finally a single building’s consumption details (pg.57). Using the data, 
daily load profiles were determined, which allowed for several interesting determinations. 
One such determination was the contribution of the base load. The study also concluded 
that in order to improve the energy consumption data, the system would need to monitor 
specific loads within each building rather than simply at a building level (Agarwal et al., 
2009). 
 
2.5 Evaluation Metrics 
A key feature of many modern energy dashboards is an evaluation of the building 
or system efficiency. As previously stated, Shadpour and Kilcoyne (2015) categorized a 
dashboard with analysis or evaluation capabilities as a Level 2 dashboard. Equally 
important is the method by which the dashboard calculates the system efficiency.  Using 
the proper techniques and metrics for measuring and monitoring energy consumption and 
generation is critical when developing a building energy dashboard. The DOE 
Performance Metric Project, for example, conducted research into developing a 
standardized method for measuring and evaluating the energy performance of buildings 
(Pless, et al., 2005). The report explained: 
Many tools (or approaches) have been developed to analyze energy performance 
in different ways, at different levels of effort and precision, and at different stages 
in the life of a building. Each tool quantifies the building energy performance to 
fit the users’ needs. However, methods and metrics are often inconsistent with 
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each other. In addition, performance numbers may be misrepresented or misused 
to predict energy savings beyond the accuracy of the numbers (Pless, et al., 2005, 
pg.iv). 
The report went on develop standards for performance metrics while maintaining 
versatility to allow the standards to apply to multiple building types and analysis goals. 
Specifically, the report provides standards for evaluating PV energy output over long 
periods (Pless, et al., 2005).  
 Maguire, Burch, Merrigan, and Ong (2013) used two efficiency metrics to assess 
residential heat pump water heaters. The first of the two metrics was the coefficient of 
performance (COP), which they defined as “the amount of energy delivered divided by 
the amount of energy consumed” (Maguire, et al., 2013, pg.14). 
 Below are two variations of the equations used by Maguire et al. (2013) to 
calculate system COP. As shown, the equation used is dependent on whether the heat 
pump is used for heating or cooling. For cooling, the COP is simply the amount of heat 
removed (Qc) divided by the amount of energy required to run the system (W). 
Alternatively, the COP for heating is the amount of heat collected (Qc) plus the amount of 
heat that comes from running the system (W); divided by the amount of energy required 
to run the system (W). In other words, COPheating accounts for the heat added by running 
all of the electrical devices. COP is a dimensionless metric, meaning that the units (often 
kWh) must cancel out. !"#$%&'()* = ,-. = ,/ 0..     (Eq. 1) !"#1223()* = ,/.      (Eq. 2) 
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 Many of the research projects previously mentioned also reported system 
efficiency using COP. Anderson et al. (2011) estimated an average COP of 3 for potential 
ground source heat pump installations at Fort Carson (pg.72). Similarly, Torcellini et al. 
(2006) achieved a COP of 3.3 for an outdoor air heat pump (pg.67). Bedescu (2001) had 
monthly COPs ranging from 1.57 to 2.41 for his solar assisted heat pump. Alternatively, 
Bai et al. were able to achieve simulated COPs greater than 4.0 using a heat pump 
assisted PVT system (2012).  
 Another common metric for evaluating system efficiency is energy factor (EF). 
EF is very similar to COP in that it is defined as the output energy divided by the input 
energy. The difference between the two metrics is that COP is primarily used to evaluate 
heat pumps that can perform heating and cooling, whereas, EF is used to evaluate heating 
only systems. Equation 3, below, shows the EF calculation where Qtotal is the total amount 
of useful thermal energy collected and Wtotal is the energy required to run the system. 45 = ,67689.67689      (Eq. 3) 
 A slight variation of the EF rating is Solar Energy Factor (SEF), which is an 
efficiency ratings of a system that utilizes solar energy in conjunction with either gas or 
electric heating. As Equation 4 shows, SEF is very similar to that of EF with the 
distinction of including thermal energy from both the solar collectors (Qs) and the heat 
pump (Qhp).  :45 = ,67689.67689 = ,;0,<=.<=0.;798>    (Eq. 4) 
 According to the ENERGY STAR® website, in order for a water heating system to 
receive an ENERGY STAR® rating it must meet specific efficiency criteria. A solar 
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water heating system with electric backup must achieve a SEF rating of 1.8 or greater. 
Alternatively, an electric storage water heater must achieve an EF of 2.0 or greater. 
Furthermore, each system type must also meet a minimum warranty period in order to 
become ENERGY STAR® certified (Residential Water Heaters Key Product Criteria: 
ENERGY STAR, n.d.). 
 
2.6 Chapter Summary 
Chapter two introduced the existing AEL heat pump assisted solar heating system and 
provided various references to projects or research relating to net zero energy buildings, 
energy dashboards, heat pumps, and solar thermal heating systems. Chapter two finished 
by introducing ENERGY STAR® efficiency and three common metrics for evaluating 
system efficiency including COP, EF, and SEF.  
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CHAPTER 3.  RESEARCH METHODOLOGY 
 Chapter three provides a methodology for developing and evaluating a real time 
energy dashboard for assessing the performance of a heat pump assisted solar thermal 
heating system.  Specifically, the energy dashboard utilizes real-time data from the BAS, 
calculates performance metrics, and outputs various performance metrics such as Energy 
Factors.  The research methodology presented here includes various equations used for 
calculating and assessing energy performance, steps taken to develop the energy 
dashboard, and specific procedures used to test the dashboard. Chapter three also 
provides key measures of success and threats to the validity of the research.  
  
3.1 Commissioning 
 The first step of the process was to evaluate the performance of the solar-heat pump 
system (SHPS) at the beginning of this research. Evaluations of the mechanical devices 
(e.g. primary pump, heat exchanger, control valves, etc.), temperature sensors, flow 
meters, and the control algorithm of the BAS were completed to ensure that the heating 
system was operating according to its sequence of operation. To accomplish this trends 
were created of various flow rates, power consumptions, and temperatures throughout the 
system. Finally, using the results of the evaluations, improvements were made to the 
primary pump system and the BAS control program.  
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 The primary pump was responsible for circulating the glycol solution through the 
primary loop of the system including circulation to and from the solar panels on the roof 
of the building. Originally, a 500W pump with a variable frequency drive was used, 
however, during the evaluation process the pump was determined to be oversized and 
very inefficient. Therefore, the pump was replaced with the 50W, constant pressure pump 
shown in Figure 3.1. The change to the smaller pump resulted in significantly less power 
consumption because the pump was more appropriately sized. The lower power 
consumption also resulted in a better energy factor (EF), which will be discussed later on 
this chapter.  
 
Figure 3.1 50W Primary Pump 
 
 Replacing the primary pump not only required the new pump to be physically 
installed but also required changes to the control schematic, the sequence of operations, 
and the BAS control programming. The main reason for these changes was that the new 
“smart” pump operated automatically to maintain a constant pressure or constant flow 
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rate. Therefore, the variable frequency drive used in the original setup was removed, 
making the analog speed signal from the BAS control module obsolete.  The updated 
control schematic and sequence of operation are in Appendices B and D respectively. 
 Several changes were also made to the SHPS control program to improve its 
performance. One of the main changes was to the heat demand control. Specifically, the 
algorithm was altered so that heat could be provided to any of the four building loads 
independently. Additionally, a scheduler was added to the program so that the heating 
loads could be turned on or off at specific times. Both of theses changes allowed for 
greater control of the loads in the secondary loop of the system.  
 
3.2 Development of Energy Computations 
 The fundamental purpose of the energy dashboard is to coordinate and simplify the 
large amount of SHPS performance data into a few key metrics that quantify the 
performance of the SHPS in real-time including energy consumption, energy collection, 
energy factor, and heat delivery system efficiency. Energy factor, in particular, is a very 
important metric for evaluating an energy system’s performance. As Equation 5 below 
shows, energy factor (EF) is the ratio of energy collected (Qtotal) to energy consumed 
(Wtotal). More specifically, Qtotal is the amount of thermal energy collected by the SHPS 
and Wtotal is the amount of electrical energy used by the SHPS.  Each of these terms is 
described in more detail below.  Furthermore, in order to simplify the calculations, both 
Qtotal and Wtotal were calculated in Watt-hours (Wh). !" = 		 %&'&()*&'&()      (Eq. 5) 
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3.2.1.   Electrical Energy Consumption 
 The first step in calculating the EF of the system was to determine the total 
electrical energy consumption of the system (Wtotal). As Equation 6 shows, Wtotal included 
the energy consumed by the primary circulating pump (Wpump) and the heat pump (Whp), 
both of which are explained in more detail below.  
 +,-,./ = +0120 ++40      (Eq. 6) 
 Equation 7 was used to calculate the energy consumption of the primary circulating 
pump in Watt-hours. As the equation shows, Wpump was calculated by integrating the 
measured power consumption (+0120) in Watts over time (t) in hours.  +0120 = 56 +0120 7 876,9:       (Eq. 7) 
 Similarly, Equation 8 shows how the power consumption of the heat pump (+40) 
was integrated over time in order to calculated the electrical energy consumption of the 
heat pump (Whp). +40 = 56 +40 7 876,9:       (Eq. 8) 
 
3.2.2.   Thermal Energy Collection 
 The next step in calculating the EF of the system was to determine the total amount 
of thermal energy collected by the SHPS (Qtotal). As Equation 9 shows, the total energy 
collected was made up of three parts: solar energy (Qsolar), heat pump energy (Qhp), and 
energy from the air (Qair). The third term, Qair, was included in order to account for the 
heat removed from the AEL air. All three of the terms are explained in more detail below. ;,-,./ = ;<-/.= + ;40 + ;.>=    (Eq. 9) 
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 First, Qsolar is the amount of energy collected by the solar panels.  Equation 10 was 
used to calculated the heat transfer rate of the solar panels (;<-/.=) in Btu/hr; where 425 
is the “fluid factor” of the 50% glycol, ?@A is the flow rate through the solar panels, and ∆C℉ is the change in glycol temperature between the inlet and outlet of the solar panels.  ;<-/.= = 425 ∙ ?@A ∙ ∆C℉     (Eq. 10) 
 Equation 11 was then used to calculate Qsolar by integrating ;<-/.= over time. For 
simplicity, the constant 0.293 was used to convert Btu’s to Watt-hours. 
 ;<-/.= = 0.293 ∙ 56 ;<-/.= 7 876,9:         (Eq. 11) 
 Next, the energy collected by the heat pump (Qhp) had to be calculated. The heat 
pump had two methods of heating: the heat pump compressor and the resistive heating 
element. The resistive heating was assumed to be 100% efficient, meaning that all of the 
electric energy was transferred to the glycol solution in the form of heat. Therefore, 
Equation 12 was used to determine the rate of heat transfer of the resistive heating 
element (;=) based on the measured electrical power consumption of the heat pump (+=).  ;= = += ∙ 100%      (Eq. 12) 
 The heat transfer rate of the heat pump compressor used a slightly different 
equation. As Equation 13 shows, the output heat transfer rate of the heat pump 
compressor (;O-20) was equal to the measured electrical power consumption of the 
compressor (+O-20) multiplied by a constant Coefficient of Performance (COP). The 
actual value of the COP was defined based upon the manufacturer’s specification and the 
findings of other researchers as discussed in Chapter 2. However, the COP value was also 
verified during the test period. Section 3.3 explains in detail how the COP was tested. 
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 ;O-20 = +O-20 ∙ PQR          (Eq. 13) 
 Equation 14, then shows how the energy collection of the heat pump (Qhp) was 
calculated. As the equation shows, the two heat transfer rates, ;= and ;O-20, were added 
together and then integrated over time as with the previous energy calculations.  ;40 = 56 (;= + ;O-20)(7)876,9:       (Eq. 14) 
 The third term, Qair, was also calculated in order to account for the energy extracted 
from the room air. The heat pump compressor was designed to extract heat directly from 
the room air rather than producing heat from electrical energy. During warm periods, 
when the outdoor air temperature (OT) was above 60°F, the cooling of the room air was 
an added benefit to the building. However, when the outdoor air temperature fell below 
60°F, the building needed to replace any energy extracted from the room air. Therefore, 
the Qair term was added to account for the added benefit or penalty of the air heat loss.  
 Equation 15 below shows the basic calculation used to determine the heat 
extraction rate from the air (;.>=) of the heat pump compressor. As the equation shows, ;.>= is simply the difference between the heat transfer rate of the heat pump compressor 
(;40) and the electrical power consumption of the compressor (+O-20).  	;.>= = ;O-20 −+O-20       (Eq. 15) 
 Equation 16, then shows how the energy taken from the air (Qair) was calculated by 
integrating 	;.>= over time. Furthermore, the sign of the Qair term was dependent upon the 
outdoor temperature as the equation shows.  
;.>= = 56 ;.>= 7 876,9:   −;.>=, QC < 60℉;.>=, QC ≥ 60℉ (Eq. 16) 
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3.2.3.   Energy Factors 
 Finally, the overall energy factor of the system (EF) was calculated using Equation 
17. As previously mentioned, EF is the ratio of the thermal energy collected (Qtotal) to the 
electrical energy consumed (Wtotal) by the system. Furthermore, as sections 3.2.1 and 
3.2.2 already explained, both Wtotal and Qtotal were made up of smaller terms. Qtotal 
included the energy collected by the solar panels (Qsolar), the energy collected by the heat 
pump (Qhp), and the Qair term, which accounts for the heat extracted from the AEL room 
air. Similarly, Wtotal included the electrical energy consumption of the primary circulating 
pump (Wpump) and the heat pump (Whp). Equation 17 shows how each of the terms was 
combined in order to calculate the overall EF of the system.  !" = 		 %&'&()*&'&() = %Z')([\%]^\%(_[*^`a^\*]^     (Eq. 17) 
 Additionally, the EF’s of both the solar and heat pump systems were calculated 
independently using the same techniques. Equation 18 shows how the solar energy factor 
(EFsolar) was calculated using only the energy collected by the solar panels (Qsolar) and the 
energy consumed by the primary pump (Wpump).  !"<-/.= = 	 %Z')([*^`a^       (Eq. 18) 
 Similarly, Equation 19 shows how the energy factor of the heat pump (EFhp) was 
calculated using the energy collected (Qhp) and consumed (Whp) by the heat pump while 
accounting for the added benefit or penalty of the Qair term.  !"40 = 	 %]^\%(_[*]^         (Eq. 19) 
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3.2.4.   Heating Loads 
 The amount of energy delivered to the loads was also calculated to compare the 
total amount of energy collected to the amount of energy delivered to the loads. The first 
step was to calculate the heat transfer rate of the loads (;/-.b<). Equation 20 shows the 
basic equation used to determine the heat transfer rate of the loads.  ;/-.b< = 425 ∙ ?@A ∙ ∆C℉     (Eq. 20) 
 The next step was to integrate ;/-.b< over time and then convert the units from 
Btu’s to Watt-hours. Equation 21 shows the integration and conversion of the heat 
transfer rate in order to calculate the total amount of energy delivered to the loads (Qloads). ;/-.b< = 0.293 ∙ 56 ;/-.b< 7 876,9:         (Eq. 21) 
 Once the energy sent to the loads (Qloads) was determined, the efficiency of the heat 
delivery system was calculated. As Equation 22 shows, the heat delivery efficiency (!cc) 
is the percentage of energy actually delivered to the loads (Qloads) as compared to the total 
energy collected (Qtotal). For example, an efficiency of 75% means that for every 100W 
of energy collected 25W is lost. !cc = 	%)'(dZ%&'&() ∙ 100%          (Eq. 22) 
 
3.3 Heat Pump COP Test 
 The COP of the heat pump used in Equation 12 above was set at a constant value of 
1.8 based upon the manufacturer’s specifications and the findings of other related 
research as discussed in Chapter 2. A simple test was conducted in order to justify the 
chosen COP value.   
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 COP is simply the total collected energy of a system divided by the total consumed 
energy, which means that the first step in calculating the COP was to measure the energy 
collection rate of the heat pump compressor (;O-20	2e.<1=eb) in Btu/hr. Equation 23, 
shows the method used to compute ;O-20	2e.<1=eb, where 425 is the “fluid factor” of the 
glycol solution, ?@A40 is the flow rate through the heat pump, and ∆C40℉ is the 
temperature increase of the glycol solution caused by the heat pump.  ;O-20	2e.<1=eb = 	425 ∙ ?@A40 ∙ ∆C40℉  (Eq. 23) 
 The measured energy input rate (+O-20) and energy output rate (;O	2e.<1=eb) then 
had to be integrated over time in order to determine the respective energy values. The 
COP value, however, was only applicable when the heat pump compressor was actively 
collecting heat and only measurable when there was flow through the heat pump. 
Therefore, +O-20 and ;O-20	2e.<1=eb were integrated over time only during the periods 
in which both constraints were met. Equation 24, shows the finally calculation of COPcalc. 
The constant 0.293 was again used to convert the heat collected (Btu’s) to Watt-hours.  
PQRO./O = 	 :.fgh∙ij %k'a^	al(Z`[ld , b,j&mnij *k'a^ , b,j&mn    (Eq. 24) 
 
3.4 Energy Dashboard Development 
 The energy dashboard program was developed as an addition to the existing 
WebCTRL programs used to control the SHPS. Using specific data points and the 
equations discussed above, the energy dashboard program calculated current and 
previous day values for each of the metrics listed in Table 3.1 below. A complete list of 
input and output data points can be seen in Appendix A.  
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Table 3.1 Energy Dashboard Outputs 
Output Name Description Unit 
EF1 Overall Energy Factor - 
EFsolar Solar Energy Factor - 
EFhp Heat pump Energy Factor - 
Wtotal Total energy consumption Wh 
Qtotal Total energy collection Wh 
Qloads Total energy delivered to loads Wh 
Eff Heat delivery efficiency % 
1 Current and previous week, month, and year values were also calculated. 
 
 The metrics shown in Table 3.1 above, were of particular importance because they 
provide a quick and easy method of detecting problems within the SHPS. For example, 
comparing today’s EF value to yesterday’s can reveal if the SHPS is performing better or 
worse. If today’s EF value is much lower but the weather (solar intensity and outdoor 
temperature) is relatively the same, then it is likely that a problem has developed. 
Similarly, comparing the other metrics in Table 3.1 to their previous day values can help 
further diagnose the problem. 
 Figure 3.2 shows the energy dashboard program split into its four parts with some 
of the key metrics associated with each sub-program. As the figure shows, the Energy 
Dashboard sub-program combined all the results of the other three sub-programs (Heat 
Pump, Solar, and SHP Loads) and provided the main output graphic. 
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Figure 3.2 Diagram of Energy Dashboard Programs within WebCTRL 
 
 Splitting the programming into four parts helped to keep the programs smaller and 
made the programming logic easier to follow. The Energy Dashboard program, on the 
other hand, provided a simple overview of the system’s performance all in one location. 
Appendix C shows the logic for each of the four programs.  
 
3.5 Test Methodology 
  Testing of the SHPS was conducted over a four-week period between February 
29th and March 28th, 2016. Data was collected throughout the entire test period, however, 
the first two weeks were primarily used as a commissioning phase in which the energy 
dashboard programs and load set points were continually modified and improved. During 
the final two weeks of testing the SHPS was allowed to run unaltered in order to collect 
consistent data.  
 35 
 A key part of the energy dashboard test was providing the system with an adequate 
demand for heat in order to simulate typical domestic hot water demand for a small 
home. According to the United States Department of Energy’s Office of Energy 
Efficiency and Renewable Energy, the average daily hot water energy demand for a 
Midwestern household was roughly 56 thousand Btu’s or 16.4 kWh (March 2012). The 
average daily demand placed on the SHPS during the final two weeks of testing was 
roughly 19.0 kWh. 
 The purpose of properly loading the SHPS was to ensure that the data collected 
reflected realistic values. The ultimate goal of the test was then to determine realistic 
energy factors for the system including the overall system EF, the solar EF, and the heat 
pump EF. Therefore, each of those values was monitored throughout the test period in 
order to determine daily, weekly, monthly, and yearly performance averages. Section 3.6 
discusses the expected EF values for the overall system and each of the two sub-systems.  
 Furthermore, the value of every variable used in the energy dashboard calculations 
was recorded every five minutes. The resulting data was then used to manually verify the 
accuracy of the energy dashboard calculations as well as to discover any useful 
correlations between the dependent and independent variables. For example, the 
relationship between the measured solar intensity and the overall EF was analyzed.  
 Table 3.2 shows the key independent and dependent variables as well as the key 
controlled variables and their values. See Appendix A for a complete list of all the 




Table 3.2 Energy Dashboard Test Variables and Set Points 
Type Variable Description 
Dependent 
EFtotal, EFsolar, EFhp Energy Factor 
Qtotal, Qsolar, Qhp Energy collected 
Wtotal, Wsolar, Whp Energy consumption 
Independent Solar Intensity Solar intensity KNSSOT Outdoor air temperature 
Controlled 
(120°F) Heat pump temperature set point 
(multiple) Load temperature set points 
(1.8) COP constant 
(approx. 19 kWh) Average daily heating load 
(1:1) Ratio of glycol to water 
 
 The Energy Factors of the system and sub-systems were key variables analyzed in 
this research. Along with the EFs, both energy consumption and collection totals for the 
overall SHPS and the two sub-systems were of interest. The main independent variables 
were both weather related and therefore, could not be controlled. Specifically, the solar 
intensity and outdoor air temperature were monitored in order to find out what effect they 
had on the dependent variables. The controlled variables, included various set points used 
in the SHPS. The average daily heating load was not explicitly set to 19 kWh because of 
the limitations of the SHPS control program. However, the load temperature set points 
were set in such a way to provide an average demand of 19 kWh as calculated from the 
test results.  
 
3.6 Measures of Success 
 The main goals of the energy dashboard test were to determine the functionality of 
the energy dashboard, collect actual performance values, and discover any correlations 
between the independent and dependent variables. More specifically, the SHPS was 
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expected to achieve an average overall EF of at least 2.0 for the entire two-week test 
period. Therefore, the hypotheses test for this research was as follows: 
H0: The SHPS achieved an average EF rating of 2.0 or greater during the test period 
 Ha: The SHPS achieve an average EF rating of less than 2.0 during the test period 
  
 The expectations for EFsolar and EFhp were slightly more complex due to the 
variability of the weather. Therefore, expected average values of EFsolar were determined 
independently for cloudy, partly cloudy, and sunny days. Similarly, expected average 
values of EFhp were determined independently for cold, warm, and hot days. Table 3.3 
shows the expected EF values for each category as well as the specific criteria used to 
determine whether a day was cold, warm, or hot as well as cloudy or sunny. 
Table 3.3 Expected Solar and Heat Pump EF Values Under Specific Conditions 
Metric          Conditions Min Max 
EFsolar 
Cloudy Avg. Solar Intensity: < 100 W/m2 0 5 
Partly Cloudy Avg. Solar Intensity: 100-200 W/m2 5 20 
Sunny Avg. Solar Intensity: > 200 W/m2 20 40 
EFhp 
Cold Percent of Day above 60°F: 0%     ~1.0 
Warm Percent of Day above 60°F: <50% 1.0 1.8 
Hot Percent of Day above 60°F: >50% 1.8 2.6 
  
 A cloudy day was determined to be any day in which the average measured solar 
intensity was less than 100 W/m2. A sunny day was any day with an average of 200 
W/m2 or more. Partly cloudy days were then any days that fell between the two ranges. 
As the table shows, the range of expected EFsolar values was quite large.  
 Similarly, cold days were days in which the measure outdoor temperature never 
reached 60°F. Therefore, the Qair term used in the calculation of EFhp would always be 
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negative resulting in a value of 1.0. On the other hand, any day in which the outdoor 
temperature never dropped below 60°F would result in the Qair term always being 
positive. Assuming that only the compressor is used for heat pump heating, the expected 
EFhp value would be 2.6. Furthermore, the percentage of the day spent above 60°F would 
directly correspond to the value of EFhp where 0%, 50%, and 100% resulted in EFhp 
values of 1.0, 1.8, and 2.6 respectively. Therefore, the expected EFhp value for a hot day 
(any day in which the outdoor temperature was above 60°F for at least 50% of the time) 
is between 1.8 and 2.6. Similarly, warm days were expected to have EFhp values between 
1.0 and 1.8.  
  
3.7 Threats to Research 
 The main threat to this research is the inconsistent nature of solar energy in Indiana. 
The renewable energy portion of the AEL system is solar, meaning that the amount of 
energy that can be provided by the solar array is very dependent on weather conditions. 
 Furthermore, although the heat pump is located within the conditioned AEL, the 
assumption that the ambient air temperature in the lab was the same throughout the test 
period may not be accurate. Assuming the ambient air temperature varies significantly, 
the assumed COP of heat pump may not reflect its actual performance. However, the fact 
that the COP was measured periodically throughout the data collection process and the 
results were used to determine the appropriate COP value will have helped to mitigate 




3.8 Chapter Summary 
 Chapter three provided a brief description of the commissioning phase of this heat 
pump assisted solar heating system research including a description of two important 
improvements made to the system. Next, the equations used in the energy dashboard 
program were explained in detail followed by a brief explanation of how each equation 
was implemented using WebCTRL programming logic. Additionally, a list of the energy 
dashboard’s key output metrics was provided. The test methodology then was explained, 
including an explanation of how the heating system was loaded. Next, a list of the 
independent, dependent, and controlled variables was provided. Finally, the expected 
energy factors were given and the main threats to the research were explained.  
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CHAPTER 4.   RESULTS 
 Chapter four presents the results of the energy dashboard test. Specifically, the 
measured conditions during the test period are provided followed by a discussion of the 
performance of the energy dashboard program. Then the results of the solar heat pump 
performance evaluation are explained including the measured Energy Factors, 
consumption totals, collection totals, and the average efficiency of the heat delivery 
system. Last, a brief explanation of the results of the heat pump COP test is given.  
  
4.1 Test Conditions 
 The energy dashboard test was conducted over a two-week period from March 15th 
to March 28th, 2016. Testing was performed in the Applied Energy Lab of Knoy Hall of 
Technology at the West Lafayette, Indiana campus of Purdue University (40°25'39.0"N 
86°54'40.1"W). During the test period, the average day length (duration of daylight) was 
roughly12 hours and 14 minutes. On March 15th, sunrise and sunset were 7:58AM and 
7:55PM respectively. By March 28th, sunrise and sunset had shifted to 7:37AM and 
8:09PM respectively. 
 The SHPS was loaded 24 hours a day for all 14 days of the test period. Figure 4.1 
shows the measured heat demand (Qload) cycles starting at 12:00AM on March 15th and 
ending at 11:55PM on March 28th.  
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Figure 4.1 Heat Demand During Test Period 
 
 As the graph above shows, the rate of heat demand was relatively constant for all 
14 days. Furthermore, the demand was constant throughout each 24-hour period meaning 
that the SHPS was rigorously and consistently tested during periods of both daytime and 
nighttime. Solar energy was used when available but at night or on cloudy days the heat 
pump was used to meet the load demand. This meant that regardless of the solar energy 
collection during the day, the heat pump was still loaded at night.   
 At midnight Qload was reset to zero so that the total heat demand for each day, 
represented by the peaks, could be determined. The average daily heat demand during the 
test period was 19.0 kWh, which is 2.6kWh higher than the average hot water energy 
demand for Midwestern homes (United States Department of Energy’s Office of Energy 
Efficiency and Renewable Energy, March 2012). The higher demand put more stress on 
the SHPS then was necessary, but was deemed acceptable because the SHPS is designed 
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to provide domestic hot water as well as space heating. Furthermore, the graph above 
shows that the daily heat demand on the SHPS was relatively consistent throughout the 
test period, which was important for comparing the performance values of each day.  
 The two-week test period also included a variety of weather patterns. Both solar 
intensity and outdoor air temperature were measured throughout the test.  
 Figure 4.2 shows the average global horizontal solar intensity (W/m2) for each day 
as measured by the solar pyranometer on the roof of Knoy Hall of Technology. The 
values shown were calculated by averaging the measured solar intensity values for all 24 
hours of each day. This was done to not only account for the intensity of solar radiation 
but also the changing length of each day.  
 
Figure 4.2 Daily Solar Intensity Averages 
 
 Each test day was categorized by its average measured solar intensity. A sunny day 
was defined as any day with an average solar intensity greater than 200 W/m2 whereas a 
cloudy day was any day with and average less than 100 W/m2. A partly cloudy day was, 
therefore, any day with an average solar intensity between the two limits as indicated by 
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the shaded area on the graph above. The test period included eight sunny days, three 
partly cloudy days, and three cloudy days.  
 Similarly, Figure 4.3 summarizes the weather for each test day according to the 
percentage of each day in which the outdoor temperature was above 60°F. The 60°F limit 
was used because it is also the point in the EFhp calculation at which the energy removed 
from the AEL air (Qair) begins to be treated as a benefit to the building. 
 
Figure 4.3 Percentage of Each Day the Outdoor Air Temperature was > 60°F 
 
 Each test day was categorized according to the percent of time in which the outdoor 
air temperature was above 60°F. As the right vertical axis of the graph shows, a cold day 
was defined as any day in which the outdoor temperature never reached 60°F, indicated 
by a 0% on the graph. Alternatively, a warm day was any day in which the outdoor 
temperature reached 60°F but for less than 50% of the time, as indicated by the shaded 
area of the graph. Similarly, a hot day was defined as any day in which the outdoor 
temperature was above 60°F for more than 50% of the time. The right vertical axis also  
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shows the expected heat pump EF values at each of the limits. As the graph indicates, the 
test included five cold days, eight warm days, and a single hot day. 
 Figures 4.2 and 4.3 together show that there was a broad range of weather 
conditions during the test including sunny, cloudy, and partly cloudy days as well as cold, 
warm, and hot days. Furthermore, Figure 4.1 shows that the SHPS was rigorously and 
consistently tested during both the night and the day. All of this suggests that the test 
results, specifically the calculated EF values, accurately reflect the actual operation of the 
SHPS.  
 
4.2 Energy Dashboard Performance 
 Table 4.1 shows the results of comparing the energy dashboard program 
calculations to the manual calculations. Specifically, the average percent error between 
the two calculation methods for overall EF, Solar EF, and Heat Pump EF are shown. The 
computations were made by comparing the energy dashboard program’s real-time results 
to the manually calculated results. The EF values of the SHPS were the final calculations 
made in both cases and therefore, were very important indicators of the accuracy of the 
energy dashboard algorithm.  







Average Percent Error 1.7% 0.8% 0.8% 
 
 As Table 4.1 above shows the error was small. The results of the energy dashboard 
algorithm were nearly identical to the manually calculated results with an average error 
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less than 2% for each EF metric. The source of the small error was likely because the data 
used in the manual calculations was recorded in five minute increments, whereas the 
energy dashboard program used one minute increments. In other words, the manual 
calculations assumed that the actual values did not change during the five minutes 
between one data point and the next. 
 Figure 4.4 shows the graphical display developed for the energy dashboard. The 
two major goals of the energy dashboard program were to summarize the performance of 
the SHPS in a format that 1) included the key metrics of the system and 2) was easy to 
follow.  
 
Figure 4.4 Energy Dashboard Display 
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 The display includes a table of Energy Factor values, a table of energy consumption 
value, a table of energy collection values, and the heat delivery system’s efficiency value. 
Additionally, two trend graphs at the bottom of the dashboard show the last 24 hours of 
measured solar intensity (left) and outdoor temperature (right). 
 The advantage of the energy dashboard display is that all of the key performance 
metrics are shown in one place. Therefore, the SHPS can quickly be evaluated in real-
time. Including metric values for the current day as well as the previous day allows the 
dashboard user to quickly compared the current day’s SHPS performance to the previous 
day’s. The two trend graphs provide further information to users with some prior 
knowledge of the system. All of this allows for quick and easy condition monitoring of 
the SHPS and fault detection. For example, the display shown in Figure 4.4 above 
indicates that the solar EF today is only 1.12 compared to 36.49 yesterday. However, the 
trend of measured solar intensity (KNSSSP) in the lower left of the display shows the 
reason for the lower EF value. As the trend indicates, there was significantly more 
sunlight on April 3rd, the previous day, then there was on the current day. If, however, the 
trend showed equal amounts of sunlight then the issue would need to be explored further.   
 
4.3 Solar Heat Pump System Evaluation Results 
 The actual performance of the SHPS was also evaluated during the test period. As 
previously discussed, the SHPS was loaded 24 hours a day for 14 days. Of those 14 days, 
there were three cloudy, three partly cloudy, and eight sunny days. Similarly, there were 
five cold days, eight warm days, and 1 hot day.  
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4.3.1.   Solar Heat Pump System Energy Factors 
 Table 4.2 shows the two-week averages of the solar EF, heat pump EF, and overall 
EF values, which are the key metrics used to evaluate the SHPS. As previously discussed, 
EF is the ratio of collected energy to consumed energy. The values shown in the table 
were determined by averaging the fourteen daily EF values for each of the systems. 









14 26.95 1.25 2.29 
 
 The goal of this research was to achieve a measured overall EF rating of at least 
2.00. As the table shows, this was achieved with an average EF of 2.29 during the two-
week test period. Furthermore, the solar EF (26.95) and the heat pump EF (1.25) values 
were both in the acceptable ranges.  
 Table 4.3 shows the average EF values for the cloudy, partly cloudy, and sunny 
days. Instead of determining the average daily EF values for all fourteen days, as shown 
in the previous table, the respective daily EF values were averaged separately for each 
type of day.  
Table 4.3 Average Measured EF Values by Sunny, Partly Cloudy, and Cloudy Days 







Cloudy 3 2.77 1.20 1.23 
Partly Cloudy 3 18.67 1.27 1.74 
Sunny 8 35.68 1.24 2.75 
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 There was a very significant difference in the solar EF values between the cloudy, 
partly cloudy, and sunny days. The average solar EF value was 35.68 for the eight sunny 
days and 2.77 for the three cloudy days. The average value during the partly cloudy days 
predictably fell between the two ranges at 18.67. All three of these results were within the 
expected ranges as laid out in section 3.6 of Chapter 3.  
 The results in Table 4.3 also point towards a similar correlation between the 
average solar intensity and the overall EF. The driving factor of said correlation was 
obviously the amount of energy collected by the solar panels, which was directly effected 
by the amount of sunlight and is reflected in the solar EF values.  
 Table 4.4 compares the average measured EF values for the cold, warm, and hot 
days of the test period. The respective daily EF values were averaged separately for each 
type of day. 
Table 4.4 Average Measured EF Values by Cold, Warm, and Hot Days 







Cold 5 18.21 1.00 1.66 
Warm 8 27.76 1.32 2.38 
Hot 1 36.65 1.81 3.53 
 
 As previously discussed, the outdoor temperature directly effects the heat pump EF 
value due to the inclusion of the Qair term in the calculation. Specifically, on cold days 
the expected heat pump EF values is 1.00, which matched the measured average exactly. 
Similarly, the measured averages for both the hot and warm days fell within their 
respective ranges of 1.8-2.6 and 1.0-1.8.  
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 Again, there appears to be a correlation between the overall EF and the outdoor air 
temperature with the heat pump EF being the driving variable. However, there also 
appears to be a correlation between the outdoor air temperature and the solar EF value. 
  
4.3.2.   Solar Heat Pump Energy Consumption and Collection Values 
 Figure 4.5 contrasts the two forms of energy in this system. The pie chart to the left 
compares the average electrical energy consumption of the solar and heat pump systems. 
The pie chart to the right shows the average contributions of the solar and heat pump 
systems.  
  
Figure 4.5 Average Consumption (left) and Collection (right) Percentages 
 
 As the charts above show, the heat pump consumed the majority of the energy, 
roughly 9.13 kWh per day as compared to the 0.32 kWh per day consumed by the solar 
energy system. On the other hand, the heat pump only contributed 11.24 kWh per day 
compared to the 8.91 kWh per day collected by the solar panels. 
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4.3.3.   Heat Delivery System Efficiency Results 
  The efficiency of the heat delivery system was also evaluated. Although, the 
efficiency of the heat delivery system is not a performance metric of the SHPS it is an 
important metric for monitoring the condition of the system because it is directly related 
to how well the collected energy is being used. Furthermore, the heat delivery system 
efficiency is a good indicator of how effective any improvements to the piping and/or 
insulation of the system have been. Ideally 100% of the collected heat could be used by 
the system, but losses are unavoidable. 
 Table 4.5 shows the average energy collected (Qtotal) and the average energy 
delivered to the loads (Qloads) per day. The efficiency of the heat delivery system (Eff), 
which is simply the percentage of collected heat delivered to the loads, provided a quick 
metric for monitoring the condition of the system. 
Table 4.5 Average Heat Delivery System Performance 





Average 20.10 19.0 94% 
 
 As Table 4.5 shows, the heat delivery system was 94% efficient over the two-week 
test period meaning that most of the energy collected was actually used by the loads.  
 
4.4 Heat Pump COP Test Results 
 The Coefficient of Performance (COP) of the heat pump used throughout the test 
period was 1.8. However, in addition to the main SHPS test, a test was also conducted to 
measure and validate the chosen COP of the heat pump.  
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 Figure 4.6 shows a sample (24 hours) of the measured COP. The trended data was 
calculated directly in the energy dashboard program. The two-week average of the 
measure COP (2.20) is also marked.  
 
Figure 4.6 Sample Trend of the Measured COP from WebCTRL 
 
 As the graph shows, the COP was measured in cycles that corresponded to the 
times in which the heat compressor was active and there was flow through the heat pump. 
The spikes at the beginning of each cycle were caused because the heat pump inlet and 
outlet temperature sensors were located just outside the heat pump storage tank and 
therefore, did not accurately read the glycol temperature until shortly after the glycol 
began to flow. Explained another way, the sensor at the outlet of the heat pump measured 
the temperature of the glycol in the pipes. When the flow through the heat pump began 
the temperature briefly spike to the temperature of the glycol that was inside the storage 
tank. On the other side, the sensor at the inlet of the heat pump dropped due to the lower 
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temperature of the glycol returning from the loads. However, once a steady flow through 
the heat pump was established, the COP could be measured. Similarly, whenever the 
compressor was off or there was no flow, the measure COP values were in valid. 
Therefore, the average COP over the entire two-week period was calculated by first 
removing the invalid values. As shown in Figure 4.6 above, the values between 1.5 and 
2.5 were chosen as valid.  
 The result of the two-week COP test was an average COP of 2.2, which is 
significantly higher than the 1.8 used. Further testing would need to be performed to 
validate the higher COP value, however, with a higher value the performance of the heat 
pump would be improved.  
 Table 4.6 compares the average heat pump EF value to what it would have been 
had a COP of 2.0 and 2.2 been used instead of 1.8.  








Pump EF 1.22 1.28 1.33 
  
 As the results in Table 4.6 indicate, using a higher COP value would improve the 
EF of the heat pump. Furthermore, the COP would have an even greater effect on the heat 
pump EF during warmer weather because the cooling of the room air associated with the 
Qair term would benefit the AEL more often. 
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4.5 Chapter Summary 
 Chapter four presented the results of the energy dashboard test. First, the measured 
conditions during the test period were set forth followed by a discussion of the 
performance of the energy dashboard program. Then the SHPS’s performance results 




CHAPTER 5.  SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
 Chapter five provides analysis of the results of this research and presents 
conclusions drawn from those results. First, the performance of the energy dashboard is 
analyzed in regards to usefulness and adaptability. Next, the actual performance of the 
solar heat pump system is considered. Specifically, the measured energy factors and 
energy totals are examined. Additionally, the benefits associated with the primary pump 
retrofit are discussed. Finally, future work associated with this research is explained, 
including improving the programming, adapting the energy dashboard for other systems, 
and continuing data collection to create an annual performance forecast model. 
  
5.1  Energy Dashboard Analysis 
 The purpose of an energy dashboard is to display an operational summary of a 
particular system that is useful to its user.  Specifically, an energy dashboard is intended 
to address the challenges associated with “big data” systems such as high performance 
buildings. A successful building energy dashboard is both comprehensive and user 
friendly so that a facility manager can easily view real time information on the actual 
performance of key building systems.  The energy dashboard developed for this research 
took both aspects into consideration. Furthermore, this research also developed 
techniques for planning and designing an energy dashboard that can be applied to other 
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energy systems. The next sections present several of the key findings of this research in 
regards to the usefulness and adaptability of the energy dashboard.  
 
5.1.1.  Comprehensive and User Friendly  
 As the previous chapter explains, the energy dashboard program accurately 
calculated multiple comprehensive metrics related to the performance of the SHPS. 
Specifically, the dashboard was able to display real-time and historical metrics for the 
SHPS as a whole and for each of the sub-systems independently, making it a powerful 
tool for building automation systems.  
 Figure 5.1 shows an example of the energy dashboard display. This section 
discusses several of the metrics shown in the display and explains why each one was 
important. 
 
Figure 5.1 Energy Dashboard Display  
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 The current and previous day EF values were particularly important as they 
reflected the performance of each system or sub-system in a format that was both 
comprehensive and brief. The brevity of the EF values directly addressed the problem of 
“big data” in that they provide a significant amount of information in a very concise 
manner. By providing EF values for the solar and heat pump system in addition to the 
overall EF values, the energy dashboard was able to show the basic energy performance 
of the entire SHPS. Furthermore, summarizing the system’s performance with EF values, 
made the dashboard a more user friendly method of monitoring the system. It provided a 
way for the user to observe the system’s actual performance without having to sift 
through data.   
 The sub-system energy consumption and collection values were less important for 
understanding the performance of the system. However, displaying the energy 
consumption and collection totals was still a useful method for revealing the overall 
performance of the system. For example, the total energy collection value revealed how 
productive the system was, whereas the total energy consumption value showed how 
much electrical demand was on the system. Furthermore, by including consumption and 
collection percentages for each of the sub-systems, the dashboard was able to show which 
sub-system contributed the most. 
 Another energy dashboard metric that was useful was heat delivery system 
efficiency (Eff). Eff was a good indicator of how well the collected energy was being 
used. In particular, the Eff metric was useful for measuring the benefits that insulation 
improvements would bring to the piping in the system. Eff was also effected by the 
amount of heat demand on the SHPS. A two-week average Eff of 94% was measured 
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while the SHPS was heavily loaded because most of the collected heat was quickly 
transferred to the loads. However, after the test period, when the heat demand of the 
system was reduced, the Eff value decreased significantly (45%) because the system 
collected roughly twice the energy that was needed by the loads. Therefore, by 
maximizing the Eff value the appropriate size load can be determined for the SHPS or 
visa versa. Furthermore, the EFF value can also be used by facility managers to monitor 
the “health” of the heating system. For example, a sudden decrease in the Eff value could 
indicate a problem with the insulation or even a leak in the piping.  
 As the previous chapter explained, weather had a very significant effect on the 
SHPS performance. Therefore, in order to increase the usefulness of the energy 
dashboard, trends of measured solar intensity and outdoor air temperature were also 
included in the dashboard display. This allowed each real-time metric to be compared to 
its corresponding value from the previous day, all while considering the measured 
weather values from the past twenty-four hours. Similarly, comparisons between the 
daily, weekly, monthly, and yearly values would also be useful.  For example, comparing 
the previous week’s values to the year-to-date values would reveal whether the system 
had been performing normally according to the annual performance averages.  
 All of these features help to make the energy dashboard very comprehensive and 
user-friendly. Specifically, the dashboard was a very useful tool for monitoring and 
diagnosing the SHPS. For example, a user could have quickly determined whether the 
SHPS was operating normally by comparing the current overall EF value to the overall 
EF value from the previous day. If the current value was significantly lower, then the user 
could have quickly check the weather trends. If the trends showed that the solar intensity 
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the previous day was very high but the current solar intensity was relatively low, it would 
indicate that the lower EF value was simply a result of a lower solar energy contribution. 
On the other hand, if the solar intensity and the outdoor temperature were relatively 
constant then it would indicate that there actually was a problem with the system. 
Similarly, the same process could have been used with the heat pump and/or solar metrics 
in order to further locate the problem.  
 
5.1.2.  Adaptability 
 Although the energy dashboard program is customized for the AEL SHPS, the 
program design can be applied to other systems. For example, in addition to a heating 
system, the AEL also has a hydronic cooling system similar to the SHPS. The energy 
dashboard program can easily be adapted to fit the cooling system using the WebCTRL 
platform. Moreover, the same techniques used in the dashboard program can be used in 
other systems to provide the same benefits. 
 One of the key findings of this research was the importance of determining relevant 
metrics. As previously stated, EFs were very important metrics for the energy dashboard 
because they are comprehensive yet brief. Similarly, the consumption and collection 
percentages for the solar and heat pump systems were also useful. However, the 
contribution percentages may not be useful for all systems. The cooling system, for 
example, which does not have sub-systems, would not benefit from having said metrics. 
 In conclusion, the energy dashboard program was very successful in providing a 
complete view of the performance of the SHPS. The inclusion of present and past 
performance values allowed the user to quickly evaluate the real-time condition of the 
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SHPS and to diagnose any problems that occurred. Furthermore, the design of the energy 
dashboard program can be applied to many other systems by utilizing the same 
techniques used to develop the program. Selecting the appropriate metrics for each 
system is also very important.  
 
5.2  Solar Heat Pump System Performance Analysis 
 The actual performance of the SHPS during the test period was also evaluated. In 
particular, the average EF values and energy totals were considered. Furthermore, the 
success of the primary pump retrofit was assessed.  
 
5.2.1.   Energy Factors 
 The key measure of success for the system evaluation was determined by the two-
week average energy factor. Specifically, the goal of this research was to achieve an 
average overall EF rating of 2.0 or greater. The SHPS achieved an average EF of 2.29.  
 The average solar and heat pump EF ratings were also acceptable. As expected, the 
solar EF was effected by the amount solar intensity on any given day. The data showed 
that there was a direct correlation between the two variables.  
 Similarly, the outdoor temperature had a significant effect on the heat pump EF. In 
particular, the percentage of each day spent over 60°F closely correlated to the 
performance of the heat pump. The outdoor temperature also appeared to have an effect 
on the solar EF, although not as clearly as the other two relationships.  
 Furthermore, the solar and heat pump EF values directly effected the overall EF 
rating. Therefore, solar intensity and outdoor temperature also had similar effects on the 
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overall EF value. Developing a strong correlation between the weather conditions and the 
EF values is important as it will lead to better system performance predictions. However, 
more data would need to be collected in order to determine the extent of the relationships.  
 
5.2.2.  Energy Totals 
 The SHPS was very successful in meeting the heating demand placed on the 
system. As previously discussed, the average load on the SHPS was 19.0 kWh per day, 
roughly 2.6 kWh more than the average Midwestern home (United States Department of 
Energy’s Office of Energy Efficiency and Renewable Energy, March 2012).  
 Furthermore, the system was loaded day and night meaning that it could not rely 
solely on solar energy to meet the demand. During the night and during cloudy days, the 
heat pump was necessary. Despite the heavy demand, the heat pump was rarely resorted 
to resistive heating, which helped the system to achieve a higher EF rating.  
 The fact that the SHPS was able to meet the high demand even in the absence of 
sunlight was very important because it showed that the SHPS is a viable heating solution. 
Many of the features of the system are meant for educational purposes, however, the 
results of the energy dashboard test revealed that it also has potential as a commercial 
heating system.  
 
5.2.3.  Primary Pump Retrofit 
    Before beginning the energy dashboard test the primary circulating pump was 
replaced with a smaller “smart” pump as discussed in Chapter 3. The main purpose of the 
change was to improve the efficiency of the solar energy collection system.  
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 Table 5.1 shows a comparison of the two pumps as they did or would have 
performed during the test period. The new pump values were determined from actual 
values measured using WebCTRL between March 15th and 28th. The measured new pump 
values were then used to determine the theoretical old pump values by replacing each 
measurement with the appropriate old pump value. The active and standby values for the 
old pump were determined by averaging the respective old pump measurements.  






Total Electrical Energy Consumption 4.58 10.94 
Average Solar EF 26.91 11.26 
  
 As the table above shows, the old pump would have consumed roughly twice as 
much energy as the new pump. The higher electrical energy consumption would have 
resulted in a much significantly lower solar EF rating. Furthermore, these negative effects 
would accumulate with additional use. Assuming the primarily pump use is consistent 
year round, then replacing the primary pump potentially reduced the annual electrical 
energy consumption of the SHPS by an estimated 165 kWh annually.  
 
5.3  Improvements and Future Work 
 The energy dashboard for the SHPS was developed with the idea that it could be 
improved upon in the future. Specifically, this research has provided a template for future 
iterations of the SHPS dashboard as well as adaptations of the program for other systems. 
The data provided by the dashboard will also provide future research opportunities. One 
potential opportunity is the development of an energy performance model. 
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5.3.1.  Improvements 
 There are several possible improvements that could be made to the SHPS energy 
dashboard. One important improvement would be to update the graphical display. As 
previously discussed, the current energy dashboard display is able to present 
comprehensive metrics in a user friendly way. However, improvements can still be made 
to the visual appeal of the display. For example, it is possible to display a graphical 
model of the SHPS in WebCTRL, including each of the devices. The dashboard metrics 
could then be displayed next to their respective device, which would give the user a much 
better understanding of the metrics in the context of the actual system.  
 Similarly, various charts and graphs could be added to the display. For example, a 
future iteration of the display could present the consumption and collection percentages 
as pie-charts. This would allow the user to quickly see how each sub-system is 
contributing in relation to the other.  
 Alternatively, there could also be benefit in calculating current and previous day 
averages of solar intensity and outdoor temperature. It has already been shown that the 
performance of the SHPS is highly dependent on the weather conditions. In its current 
form, the user can check the trend graphs of the solar intensity and outdoor temperature 
directly on the display. However, by including current and previous day averages, the 
user would be able to quickly compare the weather conditions of the two days.  
 Taking the idea of current and previous day values one step further, another 
possible improvement to the system is to provide previous day, week, month, or year 
values that directly correspond to the current time and date. For example, in its current 
form the energy dashboard provides a total energy consumption value for the current day 
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and the previous day. However, it is sometimes problematic to compare the two values 
since the previous day’s total comprises a full twenty-four hours whereas the current 
day’s value only covers the total up until that point in the day. Therefore, it would be 
beneficial to provide a time-lapse value of the previous day so that the current day’s 
value can be compared to the value recorded at the corresponding time of the previous 
day.   
 
5.3.2.  Future Adaptions 
 The energy dashboard program will also be adapted for other systems. Specifically, 
using the SHPS dashboard as a template, similar energy dashboards will be created for 
the AEL forced air, chiller, and energy recovery ventilation systems. 
 The techniques developed by this research could also be used to develop energy 
dashboard for other building automation systems. One of the main advantages of the 
SHPS energy dashboard program is that it is based on basic thermodynamic calculations. 
Therefore, it can easily be adapted for other heating or cooling systems. However, the 
dashboard also uses basic electrical principles making it suitable for other electrical 
systems as well. Furthermore, the EF metric is a ratio making it possible to easily 
compare systems with various energy types.  
 
5.3.3.  Energy Performance Model 
 One of the main purposes of this research was to provide a method of collecting 
actual performance metrics under normal conditions with the idea of creating a 
performance forecast model. One of the biggest problems with heating systems, 
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especially solar heating systems, is the unpredictable nature of the weather. Some 
unpredictability is unavoidable. However, by using historical weather patterns in 
conjunction with the actual performance metrics of the system, it is proposed that a 
forecast of the system’s performance can be made.  
 Figure 5.2 shows the average daily weather conditions for West Lafayette, Indiana 
(40°24'36.0"N 86°54'00.0"W).  The plots of both global horizontal irradiance (blue) and 
outdoor temperature (orange) were created by averaging the recorded values for each 
corresponding day of the year from 2010 through 2014 (National Renewable Energy 
Laboratory, 2016). The vertical shaded area designates the test period and the horizontal 
shaded area demarcates the measured average outdoor temperatures seen during the test.  
 
Figure 5.2 Solar Intensity and Outdoor Air Temperature Averages for 2010 to 2014 
 
 As the graph shows, the two-week test period in late March of 2016 only represents 
a small part of the year. Further testing may, therefore, be necessary to get a more 
complete understanding of the SHPS annual performance. 
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 However, two features of the graph indicate that the performance results may in 
fact be valid annual estimates. First, the horizontal shaded area of the graph shows the 
range of average outdoor temperatures during the test period from just below 40°F to 
slightly above 60°F. The outdoor temperature range encompasses a large region around 
the annual outdoor temperature average. This means that the majority as well as the 
median outdoor temperature conditions are typified within the test period. 
 Table 5.2 compares the daily average solar intensity conditions from the graph to 
the conditions measured during the test period. Specifically, the table shows the 
minimum, maximum, range, and median daily average solar intensity values for the test 
period and the historical averages.  





(W/m2) Percent of 
Annual Minimum 27 67 
Maximum 331 287 
Full Range 305 220 72% 
Median 179 177  
 
 As the table shows, the median values were nearly identical, indicating that the test 
period did not occur at a time of the year when the solar intensity was at either the low or 
high side of the range. Figure 5.2 also indicates that the two-week test period occurred at 
an intermediate time of the year in regards to solar intensity. Furthermore, the range of 
daily average solar intensity values during the two-week test period was a little over two-
thirds of the annual range, which suggests that the solar conditions during the test period 
included the majority of the annual conditions.  
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 All of this indicates that the weather conditions during the test period are 
characteristic of the average annual weather conditions and therefore, the results of the 
test are also representative of the annual performance values. However, further testing 
and data collection is necessary to validate the significance of these findings.  
 The reason for collecting data representative of the performance under normal 
conditions is to create an annual performance forecast for the SHPS. The idea is to 
develop an equation from actual values that correlates the performance metrics of the 
system to the measured weather conditions such as solar intensity and outdoor 
temperature. The equation would then be used to estimate the future performance metrics 
of the SHPS based on historical weather condition averages. The advantage of a 
forecasting model such as this is that it would allow technicians and facility managers to 
better size new installations as well as improve the management of existing systems.  
 Figure 5.3 shows an example plot of actual daily solar EF values versus average 
solar intensity values. The data used in the graph was collected between March 14th and 
April 6th using the energy dashboard. A linear curve fit is also shown in the plot.  
 
Figure 5.3 Solar EF Ratings vs. Average Solar Intensity 
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 As Figure 5.3 shows, there appears to be a relatively linear correlation between the 
actual solar EF values and the daily solar intensity averages. The R2 value of the linear 
curve fit suggests a close fit between the predictive equation and the actual data.  
 The idea behind the plot in Figure 5.2 is to use the equation shown to estimate the 
solar EF value given a specific historical solar intensity average. As previously 
mentioned, a forecast model of the SHPS could then be created using the estimated EF 
values for each day. However, as the plot shows, the equation was developed from a very 
small sample size, meaning that although there appears to be a clear correlation between 
the two variables, further testing and analysis is required in order to statistically validate 
the results. 
 Therefore, a future research opportunity is to continue collecting data from the 
SHPS. Ideally, data will be collected over an entire year, in order to develop an algorithm 
for estimating the future performance of the system. Ultimately, the predictive algorithm 
will provide a method for determining annual and seasonal EF ratings for the system. 
Moreover, the SHPS energy dashboard developed for this research provides a 
comprehensive and user friendly tool for collecting the necessary data. 
 
5.4  Chapter Summary 
 Chapter five provided analysis and conclusions based on the results of the energy 
dashboard test. The performance of the energy dashboard was analyzed in regards to 
usefulness and adaptability. The performance of the solar heat pump system was 
presented in terms of the measured energy factors and energy totals. Additionally, the 
benefits associated with the primary pump retrofit were examined. Finally, the future 
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works associated with this research were explained, including improving the program, 
adapting the energy dashboard for other systems, and continuing data collection to create 
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Appendix A Large Tables 
Table A.1 Energy Dashboard Inputs 
Name Description Type	 
KNHHST Heat Pump Air Temp AI 
KNHHE1C Heat Pump Electrical Consumption AI 
KNHHYT Heat Pump Exit Temp AI 
KNHHUT Heat Pump Inlet Temp AI 
KNHHW4F Heat Exchanger Flow Meter AI 
KNHHW5F Domestic Water Flow Meter AI 
KNHHF3T Domestic Water Return Temp AI 
KNHHI3T Domestic Water Supply Temp AI 
KNSSPW Solar Pump Electrical Consumption AI 
KNSSRT Solar Return Temp AI 
KNSSST Solar Supply Temp AI 
Insolation Solar Intensity AI 
KNHHW2F EC1  Flow Meter AI 
KNHHF1T EC1 Heating Return Temperature AI 
KNHHI1T EC1 Heating Supply Temperature AI 
KNHHW3F EC2  Flow Meter AI 
KNHHF2T EC2 Heating Return Temperature AI 
KNHHI2T EC2 Heating Supply Temperature AI 
KNHHW1F AHU Solar Coil Flow Meter (before 
bypass) 
AI 
KN07XI AHU Solar Coil Supply Temperature AI 
















Table A.2 Energy Dashboard Outputs 
Name Description Displayed 
EF today Overall Energy Factor Today Yes 
EF pd Overall Energy Factor Previous Day Yes 
EF wtd Overall Energy Factor Week-to-date Yes 
EF pw Overall Energy Factor Previous Week Yes 
EF mtd Overall Energy Factor Month-to-date Yes 
EF pm Overall Energy Factor Previous Month Yes 
EF ytd Overall Energy Factor Year-to-date Yes 
EF py Overall Energy Factor Previous Year Yes 
EFsolar today Solar Energy Factor Today Yes 
EFsolar pd Solar Energy Factor Previous Day Yes 
EFhp today Heat Pump Energy Factor Today Yes 
EFhp pd Heat Pump Energy Factor Previous Day Yes 
Wtotal Total Electrical Energy Consumption Yes 
Wsolar Solar Electrical Energy Consumption Yes 
Wsolar_percent Percentage of Solar Energy Consumption Yes 
Whp Heat Pump Electrical Energy Consumption Yes 
Whp_percent Percentage of heat pump Energy Consumption Yes 
Qtotal Total Energy Collection Yes 
Qsolar Solar Energy Collection Yes 
Qsolar_percent Percentage of solar energy collection Yes 
Qhp Heat Pump Energy Collection Yes 
Qhp_percent Percentage of heat pump energy collection Yes 
Qloads Heat Delivered to the Loads No 
Eff Heat Delivery System Efficiency Yes 
COP Measured Heat Pump COP No 
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Day in March 2016    
15 16 17 18 19 20 21 22 23 24 25 26 27 28 Avg. Max    
Solar 
EF 
Manual 36.65 34.41 34.33 32.87 5.28 16.90 36.02 36.63 20.35 3.04 18.76 43.71 30.84 0.00 24.99  
Dashboard 36.39 33.84 34.82 32.64 5.55 16.92 36.11 36.28 20.41 3.32 18.97 43.64 31.49 0.00 25.03  
Error 0.7% 1.7% 1.4% 0.7% 5.1% 0.1% 0.2% 1.0% 0.3% 9.2% 1.1% 0.2% 2.1% 0.0% 1.7% 0.28 
HP EF 
Manual 1.81 1.37 1.04 1.00 1.00 1.00 1.00 1.34 1.78 1.60 1.03 1.13 1.25 1.00 1.24  
Dashboard 1.74 1.38 1.02 1.00 1.00 1.00 1.00 1.33 1.75 1.60 1.03 1.12 1.27 1.00 1.23  
Error 3.9% 0.7% 1.9% 0.0% 0.0% 0.0% 0.0% 0.7% 1.7% 0.0% 0.0% 0.9% 1.6% 0.0% 0.8% 0.07 
EF 
Overall 
Manual 3.53 2.89 2.56 2.29 1.11 1.54 2.40 2.92 2.22 1.62 1.47 2.99 2.38 0.97 2.21  
Dashboard 3.51 2.88 2.55 2.26 1.11 1.54 2.43 2.85 2.19 1.61 1.47 2.95 2.41 0.97 2.20  
Error 0.6% 0.3% 0.4% 1.3% 0.0% 0.0% 1.3% 2.4% 1.4% 0.6% 0.0% 1.3% 1.3% 0.0% 0.8% 0.07 
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Table A.4 Daily Solar Heat Pump Energy Dashboard Test Results 
    Energy Consumption Energy Collection 

























3/15/2016 36.39 1.74 3.51 0.38 7.28 7.66 4.9% 95.1% 14.79 12.69 26.95 54.9% 45.1% 
3/16/2016 33.84 1.38 2.88 0.37 7.58 7.94 4.6% 95.4% 12.55 10.50 22.94 54.7% 45.3% 
3/17/2016 34.82 1.02 2.55 0.38 7.94 8.32 4.6% 95.4% 13.03 8.13 21.22 61.4% 38.6% 
3/18/2016 32.64 1.00 2.26 0.36 8.60 8.96 4.0% 96.0% 11.76 8.58 20.27 58.0% 42.0% 
3/19/2016 5.55 1.00 1.11 0.26 9.81 10.08 2.6% 97.4% 1.36 9.84 11.17 12.2% 87.8% 
3/20/2016 16.92 1.00 1.54 0.36 10.29 10.65 3.4% 96.6% 6.12 10.31 16.31 37.5% 62.5% 
3/21/2016 36.11 1.00 2.43 0.36 8.56 8.92 4.0% 96.0% 13.01 8.68 21.69 60.0% 40.0% 
3/22/2016 36.28 1.33 2.85 0.38 8.48 8.88 4.3% 95.6% 14.09 11.13 25.24 55.8% 44.1% 
3/23/2016 20.41 1.75 2.19 0.26 10.68 10.94 2.4% 97.6% 5.31 18.94 24.25 21.9% 78.1% 
3/24/2016 3.32 1.60 1.61 0.16 11.14 11.31 1.4% 98.5% 0.53 17.62 18.15 2.9% 97.1% 
3/25/2016 18.97 1.03 1.47 0.26 10.46 10.72 2.5% 97.5% 5.01 10.74 15.75 31.8% 68.2% 
3/26/2016 43.64 1.12 2.95 0.37 8.14 8.51 4.3% 95.7% 15.93 9.11 25.03 63.6% 36.4% 
3/27/2016 31.49 1.27 2.41 0.36 9.05 9.41 3.8% 96.2% 11.29 11.40 22.69 49.8% 50.2% 
3/28/2016 0.00 1.00 0.97 0.25 9.75 10.00 2.5% 97.5% 0.00 9.73 9.73 0.0% 100.0% 
Averages 25.03 1.23 2.20 0.32 9.13 9.45 3.5% 96.5% 8.91 11.24 20.10 40.3% 59.7% 
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Appendix B Large Schematics, Diagrams, and Drawings 
 
 
Figure B.1 Solar Heat Pump Primary Loop Diagram  
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Figure B.2 Solar Heat Pump Secondary Loop Diagram 
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Appendix C Energy Dashboard Program Logic 
































Appendix D Heat Pump Assisted Solar Thermal Heating Sequence of Operation 
Solar Pre-heat Mode: 
Solar Pre-heat mode will be enabled when the glycol from the solar collectors are less 
than sufficient (below 80°F), but the solar insolation is above 200W/m2.This mode will 
allow the solar portion to gain heat until it is able to contribute. 
• The primary pump is operating, circulating fluid to the solar collectors.  
• The pre-heat bypass valve is open allowing flow only through the solar collectors.  
Solar Mode:  
Solar mode will be enabled when there is a request for heating and there is available solar 
thermal energy to add to the heat pump water heater tank. Solar supply temperature 
greater than 80°F. 
• Glycol/water circulates through primary loop  
• Solar panels are to be the only source of heat. 
• Hot water heater is in standby, not adding any additional heat. 
• Secondary pump is on.  
• Pre-heat valve is closed. 
• Primary and secondary bypasses modulate to allow flow through the entire system. 
• Control valves will modulate to allow fluid to circulate to the secondary loops 
based on heating requests.  
Solar Dissipation Mode: 
Solar dissipation mode will be enabled when the solar supply temperature breaches 
150°F. This will allow the heat exchanger to cool the glycol for equipment safety. 
• The heat exchanger valve will modulate open when the temperature rises above 
the setpoint of 150°F. 
Solar Storage Mode: 
Solar storage mode is enabled when there is no need for heat in the zone, but solar 
thermal energy is available. This will allow for thermal storage.  
• Primary pump is in operation. 
• Bypass valve is closed. 
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• Hot water heater is in standby. 
• Secondary pump is off.  
Hybrid Mode: 
Hybrid mode will be enabled when there is a request for heating and there is sufficient 
solar thermal energy, but not enough to do all of the heating responsibilities. This allows 
the solar and heat pump to work together to meet the requirements. 
• Glycol/water is to be circulated though the primary loop with the primary pump. 
• Solar panels will be the primary source of heat and the heat pump will provide 
additional heating when needed.  
• Primary and secondary bypasses open to allow flow through the entire system. 
• Control Valves will modulate to allow fluid to circulate to the secondary loops 
based on heating requests.  
• Secondary pump will be turned on based on heating requests. 
Heat pump mode: 
Heat pump mode will be engaged when there is insufficient solar thermal energy supply 
and there is a request for heating. 
• Primary pump will be disabled (depending on if pre-heat mode is also in 
operation). 
• Primary and secondary loop bypasses modulate to separate flow through each of 
the loops. 
• Control Valves will modulate to allow fluid to circulate to the secondary loops 
based on heating requests.  
• The secondary pump will be enabled based on heating request 
Heat Pump: 
The Heat Pump shall operate according to its own internal safeties and controls. 
Heat Exchanger 
The domestic water valve for the heat exchanger shall open anytime the propylene 
glycol temperature is more than 150 °F. 




The primary pump shall run anytime: 
• The solar irradiance is more than 200 !"#.  
• The “smart” primary pump auto-adapts and is set to supply a 
constant pressure or a constant speed. 
Alarms shall be provided as follows: 
• Primary Pump Failure: Commanded on, but the status is off. 
• Primary Pump Running in Hand: Commanded off, but the status is on. 




The secondary pump shall run according to the heating scheduler whenever there is a heating 
request from: 
• AHU 
• OR Environmental Chamber Radiator 1 (EC1) 
• OR Environmental Chamber Radiator 2 (EC2) 
AND 
• All modulating valves can NOT be closed. 
AND 
• The heating scheduler is on. 
Alarms shall be provided as follows: 
• Secondary Pump Failure: Commanded on, but the status is off. 
• Secondary Pump Running in Hand: Commanded off, but the status is on. 
• Secondary Pump Runtime Exceeded: Status runtime exceeds a user 
definable limit. 
Zone 1 (Solar Heating Coil):  
The glycol temperature through the solar reheat coil shall be measured. 
The control valve shall modulate open to maintain an air discharge temperature 
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from the unit.   
Zone 1 has an adjustable setpoint defined by the user.  
Zone 2 (EC1):  
The glycol supply and return temperature through EC1 shall be measured. 
The control valve shall modulate open to maintain the minimum hot water return 
temperature setpoint.  
Zone 2 has an adjustable setpoint defined by the user.  
Zone 3 (EC2):  
The glycol supply and return temperature through the EC2 shall be measured. 
The control valve shall modulate open to maintain the minimum hot water return 
temperature setpoint. 
Zone 3 has an adjustable setpoint defined by the user. 
Monitoring: 
The following points will be monitored and trended for research and teaching 
• Temperature -The following temperatures shall be monitored: 
o Solar supply temperature 
o Solar return temperature 
o Domestic water supply temperature 
o Domestic water return temperature 
o Heat pump inlet temperature 
o Heat pump exit temperature 
o Secondary pump temperature 
o AHU heating supply temperature 
o AHU heating return temperature 
o AHU discharge temperature 
o Environmental chamber zone temperature 
o EC1 heating supply temperature 
o EC1 heating return temperature 
o EC2 heating supply temperature 
o EC2 heating return temperature 
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Alarms shall be provided as follows: 
High Supply Temperature: If greater than 155°F (adj.) 
§ Flow  
The following flows shall be monitored 
o Solar flow 
o Solar heating coil flow  
o EC1 heating flow 
o EC2  heating flow  
o Domestic water flow 
§ Electricity 
The following shall be monitored 
o Primary Pump watts 
o Secondary Pump watts 
o Heat Pump watts 
§ Run Status 
o Primary pump run status  
o The secondary pump run status  
§ Energy 
The total energy of the system shall be computed.  
§ Pressure 
The following pressure shall be monitored 
o Primary Pump differential pressure 
o Secondary Pump differential pressure 
